Catalysts for conventional hydrodesulfurization (HDS) were evaluated for use in effective ultra-deep HDS (UD-HDS) of JIS No. 1 kerosene to attain sulfur content of 0.1 wt ppm maximum under below 1MPaG. Analysis of the JIS No. 1 kerosene showed a wide sulfur distribution consisting light to heavy sulfur compounds. Then, the original reaction order of kerosene, n=1.3 in the refinery, changed to n=2.0. A concentrated Ni-Mo/ Al2O3 catalyst for petroleum middle distillates was selected as one of active parts of a combined catalyst for large phosphoric acid fuel cell (PAFC).
Introduction
The methane-fed PAFC system is tested successfully in many fields. Gaseous methane or LNG is available only in large cities or in limited areas. Further, the wide pipeline system is not always secure and reliable in a strong earthquake. LPG is one of the useful feedstocks for PAFC, but its distribution system is sometimes costly and difficult to construct.
Light naphtha is also a potential feedstock, but it is available only in limited areas located near the source of supply.
Taking these factors in consideration, we planned to design a new PAFC system using kerosene, which is available widely in Japan. Further, kerosene can be stored or treated relatively easier compared to other feedstocks.
A serious problem with the kerosene feedstock, however, is in its difficulty of deep HDS.
To operate the kerosene-fed PAFC, sulfur in kerosene has to be hydrodesulfurized to below 0.1ppm1). Methane, LPG, and naphtha contain relatively simple sulfur compounds, which can be easily hydrodesulfurized using the conventional catalysts. The JIS No. 1 kerosene is produced easily using conventional Co-Mo/Al2O3 catalysts in the refinery, however, it contains 30-70ppm of residual sulfur.
To hydrodesulfurize this kerosene further to below 0.1ppm at the same temperature and hydrogen pressure, even in 1/10 LHSV of the refinery reactor, it will require new catalysts having 80 times more activity in comparison with the refinery catalyst, in case the reaction order is n=2.0. The rate of HDS also depends on the molecular size of sulfur compounds.
Among the large sulfur compounds, the concentration of steric hindered sulfur compounds such as 4-methydibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) are especially important.
The removal of these sulfur compounds is difficult, even in the deep HDS of light oil2),3). Thus, the new HDS technology to remove these sulfur compounds and attain sulfur content of below 0.1ppm was named "UD-HDS" in this paper.
We intended first to develop a UD-HDS catalyst for a 200kW scale kerosene-fed PAFC system. We are also striving to develop a power plant scale kerosenefed PAFC, for example 1-2MW scale, in future. Then, the development was carried out for the former catalyst taking into consideration of the latter catalyst. In a small PAFC system, a highly active, simple, and tolerant catalyst should be developed.
While, in a large PAFC system, the UD-HDS system can be settled independently in the area having a sufficient maintenance space. In this case, usual scale of UD-HDS system with additional apparatus may be agreeable. catalysts (Cat-E, -F, -G). These were supplied as 1/16" extrudates, which were crushed and screened to provide 8-24 mesh particles.
Tailor-made Ni-Mo/ Al2O3 catalyst for kerosene UD-HDS (Cat-T: 1/32" cylindrical extrudate) was prepared by a catalyst maker, under a secret agreement.
The commercially available Ni/Al2O3 catalyst (Cat-Ni: Ni 60wt%, packed apparent bulk density 0.84g/ml, surface area 162m2/g, 1/16" extrudate) was also crushed to 8-24 mesh particles.
Apparatus and Procedure
The laboratory scale reactor was a 7-mm I.D. stainless tube packed with 6ml of the catalyst. The catalyst was pre-sulfurized in a flow of 2l/h of 10% H2S pressure.
After the pre-sulfurization, the gas flow was changed to pure H2 at the reaction pressure and temper- After the pre-reduction, the experiment was carried out in the same way. The collected sample was analyzed without N2 bubbling. The exhaust gas was analyzed by GC to determine the concentration of H2, CO, CO2, and CH4. Automatic distillation tester ADM-1 provided by Meitech Co., Ltd. was used for fractional distillation. GC/AED (HP5890/HP5921, S 181nm4)) was used to analyze the residual sulfur compounds in the JIS No. 1 kerosene.
The experiment using tailor-made Ni-Mo/Al2O3 catalyst was carried out in a 100ml bench scale flow reactor, which could be operated automatically, without operators at night and holidays5). Additionally, sulfur content was determined by 856/825R-d/1003, which was provided by Houston Atlas, the limit of original detection of 30ppb was improved to 0.3ppb, in this laboratory6).
2.3.
Reaction Conditions A 200kW scale kerosene-fed PAFC system was designed for a feed rate of 53.9l/h of kerosene.
The sulfur content in the conventional JIS No. 1 kerosene is taken as 70 wt ppm. Next, to adsorb hydrodesulfurized H2S for one year, 145kg of ZnO absorbent is necessary, which has 36mol% (18wt%) of sulfur adsorbing capacity.
The volume of the ZnO absorbent is expected to be 150 to 200l.
The volume of hydrodesulfurizing catalyst may be one third to one tenth of the volume of the ZnO adsorbent to realize a small scale fuel cell system. The total conformation of the HDS catalyst and the adsorptive HDS catalyst are shown in Fig. 1a , b, respectively.
The targeted volume of the HDS system is 15-60l, and that of the adsorptive HDS system is 165-260l.
For the operation conforming to the high-pressure regulation, reaction pressure is legally limited to one MPaG, about 0.5MPaG is most desirable.
In the fuel cell system, 25% CO2 containing H2 that is produced from own reforming reactor has to be used as the source of H2 containing gas.
The typical reaction was carried out under the following conditions; flow rate of kerosene (LHSV) 1-3 h-1, ratio of H2/kerosene=300Nl/l, total pressure 0.50
Since the reaction condition conforming to the highpressure regulation is also desirable for a power plant scale PAFC, the catalysts were evaluated under the same reaction conditions.
3. Results and Discussion
Influence of Bottles and Other Materials
We have suspected the abnormal results caused by the bottles of kerosene. Figure  2 shows different Lee et al.9) , and Nagai et al.10). However, the rate of HDS of mixed sulfur compounds is difficult to be expressed by these equations.
The reactivity of the HDS of these compounds distributes widely in the range from easy-toremove to difficult-to-remove varieties. It is convenient to represent the rate of HDS by Eq. (1), with respect to sulfur concentration as follows:
where S is wt ppm of sulfur in the treated kerosene, S0 is wt ppm of sulfur in the feed, k is reaction rate constant, and n is apparent reaction order.
Results of deep-HDS of the JIS No. 1 kerosene to determine n value using conventional Co-Mo/Al2O3 and Ni-Mo/Al2O3 catalysts are shown in Table 1 . Both catalysts have been used as highly active HDS catalysts for middle distillates, which have high concentration of MoO3 and high BET. The reaction conditions were selected to achieve high conversions, but the reaction pressure had to be suppressed to meet the high-pressure regulation.
The n values were calculated using two data of each catalyst to obtain the same k value according to Eq. (1). Cat-B showed n=2.0, k= 3.4 and Cat-F showed n=2.0, k=7.8.
Consequently, the k value is dependent on the properties of the catalysts and n value is dependent on the properties of the feed. As a result, n=2.0 is obtained and the value is used in this study. The n value for usual petroleum distillate does not quite reach 2.0. It is usually distributed around 1.3-1.7. For example, n=1.3 is for usual HDS of kerosene, n=1.5 for light oil, n=2.0 for the HDS of residual oil containing wide distribution of heavy sulfur compounds11).
From calculation using Eq. (1), the required LHSV for attaining 0.1 wt ppm sulfur content was estimated. The volume of catalyst required for the 200kW PAFC to treat 53.9l/h of kerosene, was estimated as follows:
The experimental data, which carried out at temperature T1, were converted to T2 using Eq. (3).
where LHSV1, T1, and S1 are LHSV, temperature K, and sulfur content wt ppm, at temperature T1(=380+ 237.1, in Table 6 ), respectively; LHSV2, T2, S2 (=0.1), are LHSV, temperature K, and sulfur content wt ppm, at temperature T2 (=325+273.1, in Tables 5, 6 ), respectively; S0, n, E, and R are sulfur content of the feed, the reaction order (=2.0), the activation energy (= 28.9kJ/mole, in Tables 5, 6 ), and the gas constant, respectively. Equation (3) was derived form Arrhenius equation (k=A exp (-E/R)) and Eq. (1).
Analysis of Sulfur Distribution in JIS No. 1 Kerosene
Sulfur distribution was determined to make clear the hydrodesulfurizing properties of JIS No. 1 kerosene. Table 2 shows the results of fractional distillation of the JIS No. 1 kerosene. Figure 3 shows the sulfur contents as a function of the boiling point in the 5 cuts of the JIS No. 1 kerosene containing 52 wt ppm of total sulfur. Heavy sulfur compounds were proved to remain selectively in the HDS process in the refinery. Figure 4 is the GC/AED chart of dibenzothiophenes in the JIS No. 1 kerosene containing 41 wt ppm of total sulfur. The numbers appearing in Fig. 4 are the peak numbers assigned by Tajima et al. 4 ). The contents of assigned dibenzothiophenes in Fig. 4 are listed in Table 3 . 4-MDBT and 4,6-DMDBT were known very difficult-to-remove using Co-Mo/Al2O3 and Ni-Mo/Al2O3 catalysts2).
In the HDS process of kerosene in the refinery, light and middle sulfur compounds are mainly desulfurized.
In the UD-HDS of the JIS No. 1 kerosene, residual heavier sulfur compounds, which include 4-MDBT and 4,6-DMDBT, must be hydrodesulfurized.
Owing to the wide range of sulfur compounds as shown above, the reaction order becomes greater than that of original HDS in the refinery.
Evaluation of Conventional Catalysts
Typical conventional Co-Mo/Al2O3 and Ni-Mo/ Al2O3 catalysts, which are listed in Table 4 , for HDS The higher HDS activities of Ni-Mo/Al2O3 catalyst is in agreement with the results reported by Zhang et al., where the HDS activity of DBT, 4-MDBT, 4,6-DMDBT in light gas oil using Ni-Mo/ Al2O3 catalyst was higher than that using Co-Mo/Al2O3 catalyst2).
Cat-F or G was selected as the most active catalyst for deep HDS of the JIS No. 1 kerosene. Further details of experiment using Cat-F are shown in Table  5 . The targeted sulfur content (0.1 wt ppm) could not be realized under the target reaction conditions. Even using pure H2, the target of sulfur content was calculated to be barely realized using 63l of catalyst that exceeded the target (60l).
The concentration of adsorbed H2 on the catalyst surface may be reduced by the strong adsorption of CO2, therefore, the reaction rate of compounds with H2 on the catalyst surface will decrease. The rate constant reduced to 1/3 (=2.4/8.5) in the presence of 25% CO2. Consequently, the standard HDS technology, using the conventional catalysts, could not be applied to attain our target. However, Cat-F was expected as one of the most active conventional catalysts, which could be combined with another type of catalyst in a large PAFC.
3.5.
UD-HDS Using Tailor-made Ni-Mo/Al2O3
Catalyst As shown in the distribution of residual sulfur compounds in Fig. 3 , the conventional HDS catalysts for middle distillates are prepared to efficiently hydrodesulfurize light sulfur compounds. Therefore, the BET value were made wide as large as possible.
As a result, the pore radius was reduced, which was not desirable for efficient HDS of large sulfur compounds.
The higher content of Mo on the catalyst is desirable, but excessive Mo content reduces the pore radius and the BET. To achieve the JIS level of sulfur content efficiently in the refinery, HDS of large sulfur com- Using the catalyst desirable for the large sulfur compounds, the rate of reaction will become slow in the refinery.
The pore size and distribution were improved in the design of the tailor-made Ni-Mo/Al2O3 catalyst to meet the HDS of the large sulfur compounds as shown in Figs. 3, 4 , and Table 3 . The amount of loaded metal, also, was adjusted. Figure 6 shows the content of sulfur in treated kerosene and volume of catalyst for 200kW PAFC as a function of catalyst age. The typical point data are shown in Table 6 .
The catalyst is very active in the early age, and realizes targeted volume of catalyst (60l) for 200kW PAFC, in spite of using 25% CO2 containing H2 at was calculated to be E=28.9kJ/mole. On the basis of this E value, estimated LHSV for 0.1 wt ppm of sulare calculated and listed in Table 6 . The stable and highest activity was attained at 0-300h. Using this reaction rate constant, the relation between treated sulfur value and estimated catalyst volume for 200kW PAFC was calculated and shown in Fig. 7 . To attain 0.1 wt ppm of sulfur content, the target of catalyst volume (60l) was barely attained. Using 60l of Cat-F, only 0.38 wt ppm of sulfur content was attained. Cat-T was provided as the most active catalyst in agreement on non-analysis that was developed in a catalyst maker selecting properties of pore and amount of loaded Ni-Mo. Therefore, the activity of Cat-T shown in Fig.   7 Consequently, adsorptive UD-HDS using Ni-Mo/ Al2O3 and 25% CO2 containing H2 is impractical for the kerosene-fed PAFC.
The results using Cat-Ni are shown in Table 8 . The targeted volume of catalyst for 200kW PAFC (260 l) was attained even using 25% CO2 containing H2 within 200h.
Comparing Tables 7 and 8 , the reaction rate constant of Cat-Ni in 25% CO2 containing H2 is 6 (=8/1.3) times active than that of Cat-F. This result supports the fact that reduced Ni catalyst is effec- Reduced Ni catalyst is desirable for the adsorptive UD-HDS in a small PAFC because the H2S recycling system is not necessary to keep the activity of the catalyst in the lean atmosphere of H2S. Another important fact is that, the exhaust gas contained a large quantity of CH4, as shown in Table 8 . The great exothermic methanation reaction of CO2 (6) is not desirable, because the temperature control of the UD-HDS catalyst bed becomes difficult and H2 is consumed ineffectively.
Ni is usually an effective catalyst for the methanation reaction, in which the reverse shift reaction (4) 
